Introduction
============

Hodgkin lymphoma (HL) is a B-cell neoplasm that is defined by the presence of Hodgkin Reed-Sternberg cells (HRS). During recent decades, the long-term survival of HL patients has increased, and most patients can be cured through multi-agent chemotherapy, radiotherapy and/or hematopoietic stem cell transplantation.^[@b1-1030655]^ Despite this, 25--30% of patients experience either disease relapse or are refractory to chemotherapy and their survival is substantially reduced, especially for elderly patients who do not tolerate intensive therapy.^[@b2-1030655],[@b3-1030655]^ New targeted therapies for HL are warranted, especially for refractory/relapsed patients and elderly patients where limiting treatment toxicity is essential. Recent studies have focused on the development of therapeutic agents that target HL-specific antigens or regulate the natural immune response in patients. Antibodies targeting HL surface antigens such as CD25 (daclizumab),^[@b4-1030655]^ CD20 (rituximab, tositumomab)^[@b5-1030655],[@b6-1030655]^ or CD30 (brentuximab)^[@b7-1030655]--[@b10-1030655]^ have shown promising results. The programmed death-1(PD-1)/PD-ligand 1 (PD-L1) checkpoint inhibitors (nivolumab, pembrolizumab), that reverse the suppres sive communication between the tumor and immune system in tumor microenvironments have also been effective in HL patients.^[@b11-1030655]--[@b13-1030655]^

To date, the main utility of identifying membrane-bound CD83 has been to define activated dendritic cells (DC), but CD83 is also expressed on the surface of some activated B cells, T cells, macrophages and neutrophils.^[@b14-1030655]--[@b18-1030655]^ In addition to a membrane-bound form, there is a membrane cleaved soluble (s) form of CD83. We reported that lymphoma tumor cells (HL and non-Hodgkin lymphoma \[NHL\]) expressed CD83 and released sCD83 into serum.^[@b19-1030655],[@b20-1030655]^ Recombinant sCD83 protein has immune inhibitory function in mice and humans.^[@b21-1030655],[@b22-1030655]^ Recently, CD83 was identified as one of the four classifiers to distinguish HL with anaplastic lymphoma kinase (ALK)-anaplastic large cell lymphoma.^[@b23-1030655]^ Despite its potential as a relatively specific target, CD83 has not been investigated as a therapeutic target on either HL or NHL. We generated a human anti-human CD83 antibody, 3C12C, which prevents graft-*versus*-host disease (GvHD) but preserves anti-tumor T-cell function in mice after transplantation with human peripheral blood mononuclear cell (PBMC).^[@b24-1030655],[@b25-1030655]^ The availability of this potential therapeutic anti-CD83 antibody prompted us to investigate CD83 biology in HL. We show herein that an antibody that detects CD83 in paraffin sections stains Hodgkin and Reed-Sternberg (HRS) cells in most HL lymph node biopsy samples, that HL tumor cells secrete sCD83, and the serum sCD83 level in HL patients correlates with the clinical response. The 3C12C antibody, and its toxin conjugate, killed HL lines and 3C12C depleted CD83 target cells in non-human primate studies without any evidence of toxicity.

Methods
=======

HL tissue section and serum samples
-----------------------------------

Lymph node biopsies and serum of HL patients were collected after approval by the Sydney Local Health District (SLHD) Human Research Ethics Committee, consistent with the Declaration of Helsinki. Archival paraffin embedded lymph node biopsies were obtained from 35 HL patients at initial diagnosis ([Table 1](#t1-1030655){ref-type="table"}), while serum samples were collected from six HL patients at diagnosis and during chemotherapy.

###### 

Characteristics of 35 Hodgkin lymphoma patients.
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Immunohistochemistry
--------------------

Immunohistochemical staining was performed on 3μm sections of formalin fixed paraffin embedded lymph node biopsies of HL patients or non-human primates. The primary antibodies used were mouse anti-human CD20 (L26, Dako), CD83 monoclonal antibodies (mAb; F5, Santa Cruz Biotechnology), CD30 (Ber-H2, Dako), and staining was performed on a Leica Bond III Autostainer (Leica Biosystems) using a Bond Polymer Refine Detection kit for visualization with 3, 3′-diaminobenzidine (DAB). Images were taken with an Olympus BX51 microscopy with an Olympus PP71 camera using Olympus labSens software.

sCD83 analysis
--------------

For the analysis of sCD83 levels, KM-H2, L428 and HDLM2 cells were cultured at concentrations of 106 cells/ml in complete roswell park memorial institute (RPMI) medium containing 10% fetal calf serum, 2mM glutaMAX™, 100U/ml penicillin, 100μg/ml streptomycin (Thermo Fisher Scientific) at 37°C, in 5% CO2. Cell culture supernatant were collected 24 hours after fresh medium change. Human sCD83 was analyzed by a sCD83 ELISA kit (Sino Biological Inc.).

Antibody Dependent Cell Cytotoxicity (ADCC) Assays
--------------------------------------------------

Target HL cells labeled with 25μM Calcein-AM (Life Technologies) were co-cultured at a ratio of 1:25 with human PBMC of a healthy donor used as effector cells. Supernatants were collected after three hours to measure released calcein using an enzyme-linked immunosorbent assay (ELISA) Reader (Perkin Elmer). The percentage of specific cytolysis was calculated as described.^[@b25-1030655]^

3C12C conjugation with monomethyl auristatin E (3C12C-MMAE) and cytotoxicity on CD83^+^ cell lines
--------------------------------------------------------------------------------------------------

3C12C is a human immunoglobulin G1 (IgG1) anti-human CD83 mAb selected from a phage display library^[@b26-1030655]^ and further engineered to improve affinity.^[@b25-1030655],[@b27-1030655]^ To produce 3C12C-MMAE, a lysosomal cathepsin B-cleavable, self-emolative dipeptide (ValCit) maleimide linker was prepared from MMAE for conjugation to partially reduced 3C12C using a similar method to brentuximab vedotin.^[@b28-1030655]^ The cytotoxic activity was assessed by 7-amino-actinomycin D (7AAD, Thermo Fisher Scientific) staining using flow cytometry.

3C12C trials in non-human primates
----------------------------------

The SLHD Animal Research Ethics Committee approved the study of five non-human primates (*Papio Hamadryas baboon*), which received intravenous human-IgG (Intragam, CSL) (10 mg/kg) or 3C12C mAb (1, 5, 10, 10 mg/kg) at days 0, 7, 14 and 21. PBMC were analyzed for immune cell populations including Dendritic cells (DC), T cells and B cells on a Fortessa X20 flow cytometer (BD Biosciences). Liver and kidney function were assessed by measuring alkaline phosphatase (ALP), aspartate transaminase (AST) and creatinine in serum samples using the Cobas 8000 (Roche). Lymph nodes were taken from 3C12C (10mg/kg) or human IgG (10mg/kg) treated animals at day 28 for immunohistological staining.

Statistical Analysis
--------------------

Mean values with standard error of mean (SEM) bars are shown in graphs. Statistical analyses were performed using Prism 6.0 (GraphPad Software). A Mann-Whitney or one-way analysis of variance (ANOVA) test with Greenhouse-Geisser correction for multiple comparisons were used. Differences with *P*\<0.05 were considered significant.

Results
=======

CD83 is expressed on HL cell lines and HRS cells in lymph node biopsies of HL patients
--------------------------------------------------------------------------------------

Expression of CD83 was analyzed using the mouse anti-human antibodies HB15a, HB15e and potential therapeutic human anti-human CD83 antibody 3C12C.^[@b25-1030655]^ KM-H2 cells expressed the most expressive CD38 cell surface, stained as it was with all three anti-CD83 antibodies, whilst the L428 and HDLM2 lines expressed less CD83. All three lines expressed CD30 ([Figure 1A](#f1-1030655){ref-type="fig"}). This data was confirmed by confocal CD83 staining on KM-H2 cells ([Figure 1B](#f1-1030655){ref-type="fig"}), detection of *CD83* messenger ribonucleic acid (mRNA) transcripts by reverse transcription polymerase chain reaction (RT-PCR) and intracellular CD83 expression in the three HL lines (*Online Supplementary Figure S1*).

![CD83 is expressed on Hodgkin lymphoma cell lines. (A) Expression of CD83 was analyzed by flow cytometry on KM-H2, L428 and HDLM2 cell lines, which were stained with HB15a-fluorescein isothiocyanate (FITC), HB15e-FITC or 3C12C-FITC anti-CD83 mAbs, respectively. Gray histograms represent isotype control, while open histograms represent anti-CD83 antibodies. CD30 staining was used as a positive control. These data are representative of three independent experiments with comparable results. (B) CD83 expression (red) on KM-H2 cells with HB15a, HB15e or 3C12C mAb were imaged by confocal microscopy. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Human IgG1 was used as control for 3C12C mAb. Scale bar: 5μm.](103655.fig1){#f1-1030655}

Next, CD83 expression was analyzed on the paraffin-embedded lymph node biopsies of 35 HL patients ([Table 1](#t1-1030655){ref-type="table"}). The HRS cells were identified as CD30^+^ ([Figure 2A](#f2-1030655){ref-type="fig"}). Of note, 8/35 (22.9%) biopsies expressed high levels of CD83 on the HRS cells (\>90% positive), 21/35 (60%) expressed middle levels (10--90% positive), and 6/35 (17.1%) expressed low levels of CD83 (\<10% positive) ([Figure 2B,C](#f2-1030655){ref-type="fig"}). Of the 29 biopsies with high or middle expression, 21 (72.4%) had strong or moderate intensity, while 8/29 (27.6%) showed weak intensity of CD83 on HRS cells (*Online Supplementary Table S1*). The subtype analysis showed that 16/21 (79.2%) of HRS cells in nodular sclerosis (NS) HL were CD83 high or middle, and 85.7% were CD83 high or middle in mixed cellularity (MC) HL. Most (20/22, 90.9%) of stage I-II HL were CD83 high or middle, and 9/13 (69.2%) HL in stage III-IV were CD83 high or middle. Interestingly, strong CD83 expression on HRS cells was found in two out of three relapsed HL (*Online Supplementary Table S1*). Epstein-Barr virus (EBV) infection is associated with an increasing risk of developing EBV-positive HL. A number of viral products, including EBV nuclear antigens (EBNA), EBV latent membrane proteins (LMP1 and LMP2) and EBV encoding small ribonucleic acids (RNA; *EBER*) have been implicated. LMP1 induced CD83 in EBV-infected human B cells by activation of NF-kB.^[@b29-1030655]^ CD83/LMP1 has been reported to be correlated in MC HL, but not for NS HL.^[@b23-1030655]^ By *in situ* staining of *EBER* of 35 HL samples, we found that seven HL were *EBER* positive, including 2/7(28.6%) MC and 3/22 (13.6%) NS HL ([Figure 2D](#f2-1030655){ref-type="fig"}). On six out of seven *EBER* positive HL samples, CD83 staining of HRS were strong or moderate (*Online Supplementary Table S1*).

![CD83 is expressed on Hodgkin and Reed-Sternberg (HRS) cells in Hodgkin lymphoma patients. (A) CD83 and CD30 expression (brown) on paraffin-embedded lymph node biopsy samples of HL was imaged by microscopy with ×200 magnification. One representative sample of 35 biopsies shown. (B) Pie chart analysis of CD83 expression level in HRS cells of HL patients (n=35). High: CD83 positive in \>90% HRS cells; middle: 10--90% CD83^+^in HRS cells; low: 10% CD83^+^ in HRS cells. One representative sample of each group is shown in (C), upper panel: original magnification ×40, lower panel shown with high amplification (×200). Arrows indicate HRS cells expressing CD83. (D) Epstein-Barr virus encoding small ribonucleic acids (RNA; *EBER*) in 35 HL biopsies were detected by *in situ* hybridization; one of the seven *EBER* positive samples is shown.](103655.fig2){#f2-1030655}

CD83 is trogocytosed from HL cells to T cells
---------------------------------------------

We found previously that CD83 was able to transfer from the membrane of DC to T cells *via* trogocytosis.^[@b15-1030655]^ Similar trogocytosis was observed to occur between HL cell lines and T cells. When these two cell types were co-cultured for four hours, CD83 surface expression was detected on 5--15% of T cells ([Figure 3A,B](#f3-1030655){ref-type="fig"}), whereas no CD83 was detected on T cells in the absence of KM-H2 cells. Furthermore, separating the T and KM-H2 cells during culture by a 0.4μm transwell filter prevented trogocytosis (*Online Supplementary Figure S2*). To confirm the trogocytosis involved membrane transfer, KM-H2 cells were labeled with fluorescent dye (CellVue Claret) and co-cultured with CD3^+^ T cells. Cell membrane transfer from KM-H2 cells to T cells was confirmed by flow cytometry and confocal microscopy ([Figure 3C,D](#f3-1030655){ref-type="fig"}, and *Online Supplementary Figure S2*). No differences were observed in the CD4^+^ and CD8^+^ T-cell ratio during the co-culture of KM-H2 and T cells within four hours (*data not shown*). However, the CD83^+^ T cells expressed significantly higher levels of PD-1 than CD83^−^ T cells (*P*=0.048) and T cells cultured without KM-H2 (*P*=0.005) ([Figure 3E](#f3-1030655){ref-type="fig"}). The increase in PD-1 was significantly higher on the trogocytosed CD83^+^CD4^+^ T cells than non-trogocytosed CD83^−^ T cells (*P*=0.049). In contrast, no difference in PD-1 expression was seen between the CD83^+^ and CD83^−^ CD8^+^ T cells, (*P*=0.185) although both KM-H2 co-cultured CD4^+^ and CD8^+^ T cells had higher PD-1 expression than T cells cultured alone ([Figure 3F,G](#f3-1030655){ref-type="fig"}). The CD83^+^CD4^+^ T cells had the same proportion of regulatory T cells (Treg) as non-trogocytosed CD4^+^ T cells (*Online Supplementary Figure S2*).

![Trogocytosis of CD83 molecule from Hodgkin and Reed-Sternberg cells to T cells. (A) T cells from healthy donor PBMCs were co-cultured with KM-H2 cells for four hours at a ratio of 1:5. CD83 and CD30 expression on CD3^+^T cells was analyzed by flow cytometry, data were from one of seven experiments and summarized data (mean± SEM and *P*-value) are shown in (B). (C) KM-H2 cells were labeled with CellVue Claret (red) and co-cultured with purified T cells (green) at a ratio of 5:1 for four hours. CellVue Claret and CD83 expression on T cells was analyzed by flow cytometry. (D) Confocal microscopy image of Claret labeled KMH2 cells co-cultured with T cells that stained with biotinylated mouse anti-human CD3 mAb and Stepdavidin-AF488. Nuclei were stained with DAPI. Scale bar: 5μm. Upper insert: trogocytosed T cells, lower insert: non-trogocytosed T cells. Data representative of three experiments. (E) PD-1 expression on CD83^+^ trogocytosed T cells co-cultured with KM-H2 cells for four hours was determined by flow cytometry (n=4). *P*-value of one-way ANOVA analysis shown. (F) PD-1 expression on trogocytosed CD4^+^T or CD8^+^ T cells after co-culture with KM-H2 cells for four hours was analyzed (n=4). *P*-value of one-way ANOVA analysis shown. A representative experiment shown in (G). FSC: forward scatter; SSC: side scatter; PD-1: programmed death-1; FMO: fluorescence minus one.](103655.fig3){#f3-1030655}

Supernatant from HL cell lines inhibits T-cell proliferation
------------------------------------------------------------

Surface CD83 can be cleaved into sCD83.^[@b15-1030655],[@b20-1030655]^ We detected it in the supernatants of activated DC and B lymphocytes,^[@b20-1030655]^ as well as the serum of NHL and chronic lymphocytic leukemia patients.^[@b30-1030655]^ High levels of sCD83 were found in the supernatant of KM-H2 (460.6±11.8 pg/ml) and L428 (200.8±53.2 pg/ml), but low in HDLM2 (21.67±1.45 pg/ml) ([Figure 4A](#f4-1030655){ref-type="fig"}). HL patients had significantly higher serum sCD83 (360.5±54.82 pg/ml, n=10) at diagnosis than healthy donors (52.6±9.5 pg/ml. [Figure 4A](#f4-1030655){ref-type="fig"}).

![Soluble CD83 (sCD83) from Hodgkin lymphoma (HL) cell lines inhibits T-cell proliferation which is abolished by binding to 3C12C. (A) sCD83 was detected in the supernatant of KM-H2, L428, and HDLM2 lines that were cultured for 24 hours at 1×10^6^/ml after changing fresh complete Roswell Park Memorial Institute (RPMI) medium and diagnostic sera of HL patients by ELISA. The *P*-value of A Mann-Whitney test is shown. (B) Carboxyfluorescein N-hydroxysuccinimidyl ester (CFSE) labeled purified T cells were stimulated with CD2/CD3/CD28 beads (3:1) in the presence of 25% supernatant (SN) of KM-H2 or plus 3C12C (5 μg/ml) for five days. Cells were analyzed by flow cytometry and the proliferation index (PI), that is defined as the total number of divisions divided by the number of cells that went into division, were calculated for total CD3^+^, CD4^+^ and CD8^+^ T cells using Flow Jo (n=6). The *P*-value of one-way ANOVA analysis is shown. (C) Different volumes (v/v) of KM-H2 supernatant were added to CD2/CD3/CD28 microbead-stimulated CFSE-labeled human T cells. T cells were collected and CFSE was analyzed by flow cytometry at day five. The PI and division index (DI), that is the average number of cell divisions that a cell in the original population has undergone, were calculated as indicators for proliferation. Representative data from one of three similar experiments shown. (D) CFSE-labeled T cells were stimulated with CD2/CD3/CD28 microbeads. T cells were then cultured in 25% (v/v) KM-H2 SN with 3C12C (5 and 10 μg/ml). T-cell proliferation was analyzed on day five. (E) The effect of different concentrations of 3C12C on proliferation of CFSE-labeled T cells was determined after CD2/CD3/CD28 microbead stimulation.](103655.fig4){#f4-1030655}

We then tested the effect of KM-H2 cell supernatant on T-cell function. KM-H2 supernatant containing sCD83 inhibited CD2/CD3/CD28 bead stimulated T-cell proliferation ([Figure 4B](#f4-1030655){ref-type="fig"}) in a dose-dependent manner ([Figure 4C](#f4-1030655){ref-type="fig"}). Only proliferation of CD8^+^ T cells seemed inhibited by KM-H2 supernatant (*P*=0.09), and not CD4^+^ T-cell proliferation (*P*=0.732). Administration of the anti-CD83 antibody, 3C12C, partially abolished the inhibitory effect of KM-H2 supernatant ([Figure 4D](#f4-1030655){ref-type="fig"}). 3C12C alone had no effect on T-cell proliferation ([Figure 4E](#f4-1030655){ref-type="fig"}).

HL patient serum sCD83 declined to normal levels correlated with a complete or partial response by PET-CT scan
--------------------------------------------------------------------------------------------------------------

We monitored changes in circulating sCD83 in six HL patients during sequential chemotherapy. All assessments of response were made by positron emission tomography -- computed tomography (PET-CT) scan using the Lugano classification system. All patients received 3--6 cycles of chemotherapy; five achieved a complete response (CR) and one patient a partial response (PR) by PET-CT scan ([Figure 5](#f5-1030655){ref-type="fig"}, *Online Supplementary Table S2*). Serum sCD83 decreased, returning to normal levels when the patients had a CR to chemotherapy, as documented by PET-CT scan in patients \#1 and \#2. In patients \#3 and \#6, the serum sCD83 level was still elevated when the PET-CT scan showed CR but normalized after one further cycle of chemotherapy. Patient \#4 showed a PR prior to cycle 5 by PET-CT-scan, however the serum sCD83 level only started to decrease during cycle \#5 reaching a normal range in cycle 6, coinciding with CR. PET-CT scans in patient \#5 showed progressive disease (PD) after cycle 2, but a PR after another two cycles of chemotherapy, when the corresponding sCD83 reduced to normal level.

![Time course of soluble CD83 (sCD83) in Hodgkin lymphoma patients during chemotherapy. The sCD83 level in the sera of six HL patients during different cycles of chemotherapy was examined by ELISA. Arrows indicate when PET-CT scans were performed and the results of complete response (CR), partial response (PR) or progressive disease (PD) are noted.](103655.fig5){#f5-1030655}

3C12C and 3C12C-MMAE kills HL cell lines
----------------------------------------

The ADCC activity of the anti-CD83 mAb, 3C12C, was tested on the three HL lines: KM-H2, L428 and HDLM2. Whilst 3C12C killed KM-H2 and L428 efficiently, HDLM2 was relatively resistant to it ([Figure 6A](#f6-1030655){ref-type="fig"}). To elucidate this, the stability of 3C12C binding on the HL cell surface were tested. HL lines were cultured in saturating concentration of 3C12C (10 μg/ml) on ice followed by washing off unbound antibody. Cells were then cultured without 3C12C for up to two hours. The remaining 3C12C bound on the cell surface were detected by a secondary anti-human antibody. Though L428 and HDLM2 have a lower level of surface CD83 expression compared to KM-H2, our analysis showed that the 3C12C level on the surface of HDLM2 reduced much faster than on L428, while the 3C12C bound to L428 were far more stable ([Figure 6B](#f6-1030655){ref-type="fig"}). This suggested 3C12C was rapidly internalized in KM-H2 and HDLM2, while 3C12C was internalized slower in L428. To investigate further potential therapeutic applications, we generated a 3C12C toxin-conjugate (3C12C-MMAE). *In vitro*, 3C12C-MMAE killed CD83^+^ KM-H2 cells most efficiently, followed by HDLM2 and L428, while CD83^−^ HL-60 cells were the least sensitive to 3C12C-MMAE ([Figure 6C](#f6-1030655){ref-type="fig"} and *Online Supplementary Figure S3*). In addition, the intracellular CD83 level in HDLM2 was much higher than L428, lending to more sensitivity of the HDLM2 to the killing of 3C12C-MMAE (*Online Supplementary Figure S1*).

![3C12C and 3C12C conjugation with monomethyl auristatin E (3C12C-MMAE) kill Hodgkin lymphoma (HL) cell lines *in vitro*. (A) Target cells KM-H2, L428 or HDLM2, labeled with Calcein-AM were co-cultured with effector cells (human PBMC) at effector: target ratio of 25:1 with increasing 3C12C concentration from 0 μg/ml to 1 μg/ml at 37°C for three hours. Supernatant was collected for fluorescence reading (excitation 485nm, emission 538nm) of released Calcein. Antibody (Ab)-dependent cell cytotoxicity was calculated (n=3). (B) HL cells were cultured in 3C12C saturation concentration (10 μg/ml) on ice followed by intensive washing and culture without 3C12C from 0--2 hours. The remaining levels of 3C12C bound on the cell surface were detected by a secondary anti-human antibody with flow cytometry. The remaining surface level of 3C12C on KM-H2, L428 and HDLM2 was normalized to the level of time 0. (n=3). (C) CD83^+^ KM-H2, L428, HDLM2 or CD83^−^HL-60 cells were cultured with different concentrations of 3C12C-MMAE for three days before determining viable cells by 7-amino-actinomycin D (7AAD) staining with flow cytometry. The half maximal inhibitory concentration (IC~50~) is shown. Data was from one of four representative experiments.](103655.fig6){#f6-1030655}

Administration of 3C12C is safe in non-human primates
-----------------------------------------------------

To "de-risk" the antibodies before advancing 3C12C into a clinical trial, we performed pre-clinical dose-escalation studies of 3C12C in non-human primates. Five baboons were injected intravenously with 3C12C (1, 5, 10 mg/kg on d0, 7, 14, and 21). No adverse clinical events were recorded during follow up for 84 days. We assessed blood counts and biochemistry weekly, and monitored different immune cell populations by flow cytometry or immune histology. Administration of 3C12C did not affect blood cell counts (white blood cells \[WBC\], red blood cells \[RBC\], and platelets), liver (ALP and AST) or kidney (creatinine) function (*Online Supplementary Figure S4*). The total T-cell number, and ratio of CD4^+^/CD8^+^ T cells all remained normal up to day 84 (*data not shown*). However, there was evidence of 3C12C efficacy in that CD1c^+^DC counts were reduced. We found that baboon blood B cells expressed CD83 as human B cells (*data not shown*), and reductions in blood B cells were noted by flow cytometry ([Figure 7A](#f7-1030655){ref-type="fig"}). In addition, B-cell areas in lymph nodes were reduced in the 3C12C-treated animals (10mg/kg) compared to the control animals (human IgG 10mg/kg) ([Figure 7B](#f7-1030655){ref-type="fig"}).

![3C12C reduced B cells in non-human primates. Five nonhuman primates were injected with 3C12C (1, 5, 10, 10 mg/kg, n=4) or human Immunoglobulin G (IgG; 10mg/kg, n=1) at days 0, 7, 14 and 21. Blood and serum samples were collected for cell counts (red cells, white cells and platelets), liver function (ALP and AST levels) and kidney function (creatinine level) analysis. (A) CD19^+^ B cells were enumerated from PBMC of five animals by flow cytometry. Dashed lines indicate the base cell number at day 0. \*indicates one time point when WBC was extremely high on that animal. (B) A lymph node biopsy was taken at day 28 from 3C12C (10mg/kg) and control-treated animals. B cells stained with anti-human CD20 mAb on paraffin-embedded lymph node biopsy samples are shown. One of the two similar results for the two animals receiving 10 mg/kg 3C12C showing reduced B-cell areas compared to the human IgG control animal.](103655.fig7){#f7-1030655}

Discussion
==========

HL is driven by the malignant HRS cell, which are of B lineage origin.^[@b31-1030655],[@b32-1030655]^ A significant number of patients experience relapsed/refractory disease following first-line chemotherapy.^[@b33-1030655]^ Less toxic treatments for relapsed/refractory HL would be highly desirable, as exemplified by the introduction of the anti-CD30 antibody drug conjugate (brentuximab).^[@b10-1030655],[@b34-1030655]^ In the study herein, we were able to identify sCD83 as a new potential biomarker for HL, and CD83 as a target for a therapeutic mAb and derivatives.

CD83 was first described on activated B cells and we originally detected CD83 on HL using frozen sections.^[@b19-1030655]^ Our ability to stain paraffin embedded lymph node biopsy samples of HL patients encouraged this study and allows for the assessment of CD83 expression in routine clinical practice. CD83 was highly expressed on HRS cells with a different staining pattern to CD30. Thus, CD83 is potentially another diagnostic marker of HL. More importantly, this work suggests that the majority of HL patients might be suitable for a therapeutic mAb targeting CD83. An anti-CD83 mAb may also work synergistically with chemotherapy, which is similar to the treatment of stage III or IV HL with anti-CD30 antibody drug conjugate (brentuximab).^[@b10-1030655]^ As CD83 is inducible, it is possible that either drug induced or inflammatory activation would induce greater CD83 expression on HRS cells. We also identified serum sCD83 as a potential disease marker. Its immunosuppressive effect was reversed by anti-CD83 mAb at levels readily obtained *in vivo*. We predict that 3C12C would target HL cells directly through ADCC, but it has the additional therapeutic effect of reversing the inherent immunosuppressive effect of CD83. Such a synergistic response has the potential to have a significant clinical effect with limited toxicity.

Recent studies revealed the impact of tumor microenvironment on tumor progression and therapy. HL is a leading example. The low frequency malignant HRS cells secrete several factors and generate a surrounding infiltrate of immune cells that contribute to the pathogenesis of the disease.^[@b35-1030655]--[@b37-1030655]^ CD83 appears to be involved in this process. We previously demonstrated that the transfer of membrane proteins on myeloma cells to T cells disrupted the immune response and was associated with poor prognosis.^[@b38-1030655]^ We found that HL tumor cells express CD83 and can transfer surface CD83 molecules by trogocytosis. CD83 transfer from KM-H2 to T cells *in vitro* was consistent with the finding that some lymphocytes in the lymph node biopsy samples, especially in CD83 high expression patients, expressed CD83. The proportion of Treg in the trogocytosed CD83^+^CD4^+^ T cells was not increased, but CD83^+^ T cells, especially CD4^+^ T cells, expressed a higher level of PD-1 than CD83^−^T cells. PD-1 and PD-1L interaction contributes to the immunosuppressive microenvironment of HL.^[@b39-1030655]^ Such PD-1^high^ CD83^+^ T cells might become unresponsive in the tumor microenvironment.^[@b40-1030655]^ A CD83 target therapy might be combined with brentuximab and PD-1 blockage to enhance the clinical response.

The serum of some hematopoietic malignancies have increased levels of sCD83.^[@b20-1030655],[@b30-1030655]^ The supernatant of HL cells inhibited T-cell proliferation, but this inhibitory effect was not related to Treg induction (*data not shown*). The anti-CD83 mAb, 3C12C, partially abolished the inhibition by KM-H2 supernatant. Thus, sCD83 from the supernatant plays a key inhibitory role on T cells. We also found that HL cell line supernatant inhibited normal B-cell proliferation (*data not shown*). Other cytokines or soluble factors from the KM-H2 supernatant may also contribute to the inhibitory effect, e.g., sCD30. An 85kDa soluble form of the CD30 molecule (sCD30) has been shown to be released by CD30^+^ cells *in vitro* and *in vivo*. sCD30 was elevated in the serum of HL^[@b41-1030655],[@b42-1030655]^ and other CD30-expressing tumors, as well as inflammatory conditions with strong T-or B-cell activation. The CD30-Fc fusion protein inhibits T-cell proliferation,^[@b43-1030655]^ whilst sCD30 is also involved in the pathogenesis of renal, islet transplant rejection.^[@b44-1030655],[@b45-1030655]^ The effect of brentuximab on sCD30 has not been investigated. The thymus and activation related chemokine (TARC; CCL17) is expressed by HRS cells.^[@b46-1030655]^

TARC is confirmed as a biomarker of HL, since elevated serum TARC reflected the disease activity and correlated with clinical response.^[@b47-1030655],[@b48-1030655]^ Herein, as well as confirming elevation of serum sCD83 in active HL, we monitored sCD83 on six HL patients who underwent sequential cycles of chemotherapy. A complete response shown by PET-CT scan correlated with the decreased sCD83 levels. Thus sCD83 may be another biomarker candidate for monitoring the potential clinical response. A much larger cohort of HL patients will be monitored prospectively in order to explore this further. Additional investigations regarding the effect of sCD83 on HL biology may well assist therapeutic development in HL. Natural sCD83 has proved difficult to obtain for functional studies, suggesting the sCD83 structure and/or function is sensitive to *in vitro* manipulation.^[@b49-1030655]^

We have developed a human anti-human CD83 mAb, 3C12C, to investigate in clinical trials. It kills HL cells through ADCC, but in order to enhance its activity, we developed a 3C12C toxin conjugate (3C12C-MMAE). The unconjugated parent anti-CD30 antibody SGN-30 had no effect on HL in a study of 38 patients.^[@b50-1030655]^ Brentuximab vedotin SGN35, which is a drug conjugate of SGN-30 with MMAE, has, however, proven to be a highly promising drug with CD30^+^ lymphoma.^[@b10-1030655]^ We found 3C12C-MMAE kills CD83^+^ HL cell lines KM-H2 and HDLM2 very efficiently. Although HDLM2 cells express less surface CD83 and are resistant to ADCC killing, the high killing efficiency of HDLM2 with 3C12C-MMAE is likely related to the rapid antibody internalization and high intracellular CD83 turnover. 3C12C binding on L428 is relatively stable, rendering it sensitive to killing by ADCC, but less likely to be killed with 3C12C-MMAE, which is mediated *via* antibody internalization. Further improvements in the 3C12C-MMAE conjugate preparation are planned.

Finally, we tested the safety of 3C12C in non-human primates. We saw no clinical toxicity, abnormalities of blood count, liver or renal function or a decrease in the target CD1c^+^DC population (*data not shown*). By monitoring B cells, we saw depletion in the blood and lymph nodes. The depletion of activated CD83^+^ B cells led to a significant reduction in the B-cell area of lymph nodes. This early evidence of CD83 target cell depletion in non-human primates is most encouraging, suggesting an ADCC effect that should translate readily to the clinic.

Taken together, these data demonstrate that CD83 is a new potential diagnostic HL marker and serum sCD83 levels are likely to reflect HL disease load. CD83 is a target for therapeutic mAb development as well as CD83 target derivatives. The potential therapeutic human anti-CD83 antibody, 3C12C, kills HL cells efficiently *in vitro*. It is safe in non-human primates, and depletes CD83+ target cells. Further development of 3C12C in human studies merits serious consideration.
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